Abstract-We developed and built a new system of readout and trigger electronics, based on the waveform digitization and pipeline readout, for the KOTO experiment at J-PARC, Japan. KOTO aims at observing the rare kaon decay KL → π 0 νν. A total of 4000 readout channels from various detector subsystems are digitized by 14-bit 125-MHz ADC modules equipped with a 10-pole Bessel filter in order to reduce the pile-up effects. The trigger decision is made every 8-ns using the digitized waveform information. To avoid dead time, the ADC and trigger modules have pipelines in their FPGA chips to store data while waiting for the trigger decision.
W HEN particles and anti-particles were created in the early universe, they should have been generated in equal amounts. However, all the matter around us is made of particles.This can be explained if the symmetry between the particles and anti-particles, called "CP symmetry", is broken. In the Standard Model of particle physics, the symmetry is broken in the weak interactions for quarks. The broken symmetry is explained by the Kobayashi-Maskawa model [1] . However, the amount of asymmetry predicted by the model is not large enough to explain the difference in abundance between particles and anti-particles. This is why we are looking for new physics that can break the CP symmetry. [2] , while the current experimental upper limit is 2.6 × 10 −8 at the 90% confidence level (C.L.) from the KEK E391a experiment [3] . The theoretical uncertainty on the prediction is around 2%. A a measurement of the branching ratio different from the theoretical prediction would signify new physics beyond the Standard Model.
A model-independent upper bound on BR(K L → π 0 νν), called the Grossman-Nir bound [4] , is derived as
This relation between the decay modes of neutral and charged kaons is obtained from the isospin symmetry arguments. The measured BR(K + → π + νν) at (1.7 ± 1.1) ×10 −10 from the BNL E787 and E949 experiments [5] yields an upper limit on
. Some theoretical models of new physics enhance BR(K L → π 0 νν). They introduces SUSY particles [6] , littlest Higgs [7] , [8] and fourth generation quarks and leptons [9] , [10] . Improving the upper limit on the branching ratio can put constraints on such new physics models.
C. KOTO experiment
The KOTO experiment [11] is a new kaon-decay experiment at J-PARC [12] in Ibaraki, Japan. Its goal is to discover the K L → π 0 νν decay and measure its branching ratio. KOTO is designed to improve the sensitivity of E391a by three orders of magnitude.The experimental difficulty in observing this decay 978-1-4799-3659-5/14/$31.00 ©2014 IEEE is due to the lack of charged particles in the final state and to the high efficiency required for photon detection.
The strategy of KOTO is to detect "π 0 plus nothing", where "Nothing" refers to the difficulty to detect ν's (neutrino). Other
can be sources of background when the extra π 0 's or charged particles in the final states are not observerd. Figure 1 shows the detecter of the KOTO experiment. A neutral beam enters into the KOTO detector. The two photons from π 0 in K L → π 0 νν are detected by an electromagnetic calorimeter made of undoped Cesium Iodide(CsI) crystals. We also require no activity in other detector subsystems surrounding the decay region to discard background events due to other K L decay modes. We will refer to these subsystems as "Veto Detectors".
The KOTO experiment performed its first physics run for five days in May 2013. With the high-intensity proton beam from J-PARC, the counting rate of the detectors will be around few MHz. To reduce the acceptance losses due to pile-ups and dead time in such an experimental condition, we designed a completely new readout and trigger electronics system based on a waveform digitization and pipeline readout. To reduce the effect of pileups, we record the waveforms of the output signals from all the detectors. The pile-ups can be resolved by analyzing the recorded waveform data. Figure 2 shows the overview of KOTO data acquisition system [13] . 125 MHz ADC modules [14] , [15] are used as the fronted electronics to record waveform of each counter. The inputs to the ADC chip are widened to be in a gaussianshape with a 10 pole Bessel filter. Figure 3 shows a signal from CsI crystal with photo multiplier tube recorded by an oscilloscope, and a pulse shape recorded by a 125 MHz ADC module with the filter. The width of a typical CsI calorimeter pulse is about 100 ns. The number of data sampling point in the rising edge region is not enough for the original CsI pulse with 8 ns sampling. Shaping signal into a gaussianshape pulse can effectively increase the sampled information of the rising edge with 8 ns sampling. With this technique, the timing resolution around 1 ns can be achieved even with the 8 ns sampling. The data output from ADC is sent to trigger system via optical link. The energy and hit information are calculated from the waveform at ADC module and sent to the trigger system every 8 ns for trigger information. After trigger decision, the waveform for event data are sent to trigger system for further trigger decision. To avoid dead time, the waveform data are stored in pipelines in the ADC module while waiting the trigger decisions.
KOTO trigger system consists of three levels. First two levels are done by special trigger hardware modules. The first level trigger decisions are made every 8 ns, by comparing the energy and hit information of all the detectors collected from all the ADC modules. After first level trigger decision, the event data are sent to the second level trigger module and stored for further trigger decision. The second level trigger decisions are made based on the recorded waveform information of the event. Calculating the "center of energy" and the number of gamma clusters on Calorimeter from data can be implemented at this stage. After second level trigger decision, data are eventually transferred from each second level trigger module to a computer farm by 1 Gbps Ethernet. PC farm collects the data packets from trigger modules and build events. The third level trigger decision are made by the PC farm with full information of event. Analysis of waveform using fitting and data compression can be implemented on this stage. The data of events which passed all trigger decision are transferred to the tape storage on KEK Computer Research Center. 
